Abstract A sand dune area,~50 km 2 in size, the only source of freshwater in the coastal zone of Prakasham district, Andhra Pradesh, India, is bounded by marine sediments in the northwest, and the Bay of Bengal in the southeast. Measurements of groundwater level, hydrochemistry and stable isotopes for three years facilitated the identification of the aquifer response to drought and intense cyclonic storms. There was no major change in hydrochemistry and isotope values between drought and highly saturated conditions, except in a few wells in the northwest. During drought, the groundwater remained fresh, although the levels dipped to 2-5 m b.m.s.l., signifying no saline water ingression (no measurable bromide). Based on the field observations, resistivity soundings, electrical conductivity and groundwater level change due to pumping, the existence of impermeable boundaries in the northwest and southeast are hypothesized. Thus, the existing hydrogeological settings appear to be inhibiting the movement of the freshwater-saline water interface into the freshwater zone.
INTRODUCTION
Coastal freshwater aquifers are strategic resources that provide water for multiple purposes. The hydrogeological framework of a coastal environment plays an important role in the existence and sustenance of freshwater sources. Within the framework, the dynamic behaviour of the coastal aquifer gets modulated by input and output parameters. In addition, the presence of marine clays can alter the dynamic response of the aquifer to recharge, discharge, with freshwater and saline water mixing laterally and vertically and freshwater outflows to sea , Kooi et al. 2000 , Custodio 2004 , Stieglitz 2005 , Tokunaga et al. 2011 .
Naturally, the coastal aquifers are in equilibrium with respect to the freshwater-saline water interface and flow to the sea with minor oscillations affected by tidal heights (Holliday et al. 2007) . Generally, coastal freshwater zones have limited potential (volume wise) and such strategic resources are always precarious when they are over-exploited. Based on field observations and modelling, Vithanage et al. 2010 estimated the safe yield for a sandy aquifer on the east coast of Sri Lanka and predicted saltwater intrusion based on the growing demands on coastal groundwaters. Ayni et al. 2012 found that overexploitation of the Korba (Tunisia) coastal aquifer for irrigation purposes led to seawater intrusion into the aquifer. Excessive fresh groundwater pumping can reduce freshwater flow towards coastal discharge areas and cause saltwater intrusion (FAO 1997 , Ergil 2000 . Saltwater intrusion decreases freshwater storage in the aquifers, and, in extreme cases, can result in the abandonment of water supply wells (Grassi et al. 2007 , Cruz, et al. 2010 . Saltwater intrusion occurs by many processes (Korfali and Jurdi 2010, Werner et al. 2012) , including lateral encroachment from the seacoast (Bond and Bredehoeft 1987) and vertical upconing near discharging wells (Reilly and Goodman 1987, Saeed et al. 2002) . When the aquifers are prone to overexploitation, it is essential to assess their hydrogeological conditions and their spatio-temporal responses for better management. Hydrochemical and isotopic methods are quite useful in such studies (Barbecot et al. 2000 , Parka et al. 2005 , Zhu et al. 2007 . Chemically, the freshwater acquires high salinity due to induced movement of saline water caused by reversal of the pressure gradient in the over-exploited zones. Similarly, the stable isotope content of freshwater undergoes a positive shift due to mixing of seawater. Thus, these methods provide a platform to identify the dynamic behaviour of coastal freshwater sources to excessive exploitation spatially and temporally.
The freshwater aquifer in the coastal study area, has great socio-economic importance, because it has been exploited quite extensively for the last two decades for irrigation and domestic purposes. As there is no freshwater source nearby, and all sides are covered with saline water, the present study is significant for sustaining the existing aquifer. Moreover, no major scientific investigations have been made to assess the spatial and temporal behaviour of this freshwater aquifer. The present study was initiated to assess and understand the dynamics of the sandy freshwater aquifer using seasonal variations in groundwater levels and hydrochemical and isotopic values. Resistivity soundings were attempted to understand the fresh and saline water boundary in the northwest boundary of the study area.
STUDY AREA
The study area is located in a coastal region of Prakasham district (about 20 km east of Ongole town) in Andhra Pradesh, India (Fig. 1) . The coastal region is mainly covered by marine sediments. A sand dune area (about 20 km in length and about 2-3 km wide) lies along the coast between the Paleru River in the south and a small river-cum-creek (north of Motumala village) in the north. Within the dune field area are eight major villages and about 12 hamlets. The entire dune field area has very high agricultural activity and at any time of the year about 75% of the cultivable land contains crops such as groundnut (major crop) and other subsidiary crops. Due to the lack of any surface water source in the entire region, all agricultural activity depends on the fresh groundwater available in the sand dunes which is being pumped through filter points (shallow tube wells) fitted with centrifugal pumps of at least 5 HP (horsepower) capacity. A total well inventory indicates that there are~3200 filter points in the study area. Sprinkler irrigation is commonly practiced in the area due to the sandy soils, which are unsuitable for flow irrigation. Before borewells, farmers used to fetch the groundwater using pots from "daruvas" (small pits) to grow vegetables. Freshwater from the dune field is the only source, not only for domestic and agricultural use within the dune field area, but also for the domestic use of several other villages in the western saline belt. This freshwater is also being used by aquaculture farms to dilute the high salinity groundwater/seawater in the ponds to the required level. Hence, the fresh groundwater available in the dune field area is of very high socioeconomic importance. As this freshwater floats over the saline water, it is essential to understand the freshwater dynamics and to manage the limited freshwater source properly.
Maximum dune height is about 5 m a.s.l in the western part of the dune, with a steep slope towards the west and a gradual slope towards the east. The Central Ground Water Board (CGWB) (Melanchthon et al. 2007 ) carried out geophysical work (VLFvery low frequency, and VES -vertical electrical soundings) in four traverses across the dunes to estimate the thickness of sand. Two deep borewells were drilled by the CGWB, one (174 m deep) in the north at Motumala village and the other (70 m deep) in the south at Ethamukkala village. At Ethamukkala, the well encountered the basement (gneiss) at a depth of 66 m, and, up to the basement mainly sands with different grain sizes and in some places thin clay lenses. The well at Motumala, located 15 km NNE of Ethamukkala well, did not encounter the basement rock until a depth of 174 m. However, the thickness of sand is almost the same as that of Ethamukkala well followed by clay beds intercalated with thin sand layers. Based on the lithological information and geophysical log data from the two wells, a cross-section was drawn in a NNE to SSW direction within the sand dune (Fig. 2) and sand thickness estimated to be about 50-65 m. Resistivity and selfpotential (SP) logging of both the deep wells by CGWB indicate freshwater up to 25 m and moderately freshwater from 25−55 m in Motumala well, and freshwater up to 16 m and moderately freshwater from 16−24 m in Ethamukkala well.
RAINFALL DISTRIBUTION
Average annual rainfall, measured at Kotha Patnam within the study area, is about 1020 mm for the period of 1994/95 to 2011/12 (Fig. 3 , using the hydrological year locally followed from June to May), which is higher than the district average (870 mm). The study area receives more than 50% of its average annual rainfall from the northeast (NE) monsoon during October to December, and about 40% from southwest (SW) monsoon during June to September (which is the rainy season for most of the Indian sub-continent). Here, premonsoon showers in the summer season (JanuaryMay) are not uncommon and sometimes provide good amounts of rainfall in the form of cyclonic storms. The available rainfall data shows that However, the rainfall distribution during 2009/10 was a little abnormal, with only 17% of annual rainfall during the SW monsoon and 25% during the NE monsoon. The remaining 58% of the annual rainfall occurred during the summer period, mainly due to a cyclonic event on 18-19 May 2010 (within 24 h, about 600 mm rain occurred). Following the cyclonic event, during 2010/11 the rainfall was well distributed in both the monsoons and the total Freshwater dynamics in coastal sand dune aquifer, Indiarainfall for the year was higher than average. During 2011/12, although the total rainfall was below average, it was well distributed in both monsoon seasons.
MATERIALS AND METHODS
To understand the freshwater dynamics in space and time, 11 observation wells were drilled in June 2009 across the dunes in three traverses (Fig. 1) . The depth of the wells ranged from 6 to 15 m (Table 1) . Traverse 1 (southern side), just north of Ethamukkala village, has five wells labelled T1-1 to T1-5: T1-1 is located at the western boundary of the dune field and T1-5 is about 160 m inland from the coast. Traverse 2, in the central part of the dune field, has only two wells: T2-5 is located about 300 m west of the coastline and T2-4 about 140 m west of T2-5). Traverse 3 is south of Kotha Patnam Town, and has four wells: T3-1 is located at the western boundary of dune field; T3-5 is 275 m inland from the coastline. Wells T1-3 and T3-2 are located on the ridge area having a steep topographic slope towards the west and a quite gentle slope towards east. As it is a sandy area, PVC casing is used for all the observation wells to avoid well collapse. The casing pipe has perforations at the lower levels based on the depth of the well (Table 1) . Automatic water-level recorders, with electrical conductivity (EC) and temperature measuring facility (CTD Divers) were installed in the 11 observation wells to record the changes in groundwater level, conductivity, and temperature in time (1 h interval) during July 2009. Apart from these, a few other existing dug wells and also one CGWB deep bore well (at Ethamukkala village) are used for seasonal water level monitoring.
Resistivity soundings were made at the northwest boundary of the sand dune to understand the barrier between the sand and clay and the thickness of the sand. A Schlumberger electrode configuration was used for the resistivity survey, with a maximum electrode separation of (AB) 160 m.
Several sets of groundwater samples were collected from the observation wells and many private agricultural wells during the pumping from January 2009 onwards. Major anions and cations in the water samples were measured within one or two weeks using the Dionex Ion-chromatograph in our laboratory (NGRI). Anions (including Br and NO 3 ) were measured using an IonPac AS14 and cations with an IonPac CS-17. Appropriate standards were used for both anions and cations by diluting the stock solutions and measured everyday before the samples. Several checks were routinely made on standards for reproducible results. Blanks were run every day during the morning, and also in between samples to check the base line and also for contamination from previous samples. The measurements (standards/repeated samples) have a precision of ±0.1% of the total value within the same sequence, and the samples repeated between different sequences have reproducibility of ±1%. Based on the TDS value (>500 mg/L) of the samples, the samples were diluted as per requirement to measure both cations and anions. The carbonates were measured by titration.
The ratios of deuterium ( 2 H 
RESULTS

Groundwater level variations in the study area
Ground elevations were measured at several points including 11 observation wells and a few other wells used for monitoring, using the total station with reference to the known elevation (from Survey of India benchmark) and the measured groundwater levels were corrected to mean sea level (m.s.l.). Following high-intensity rainfall and a quick succession of rainfall events during the SW and NE monsoons in 2010, groundwater levels reached the ground surface on the eastern side, yet attained above m.s.l. on the western side and the ridge portion. However, almost all the well water levels dropped down to below m.s.l. for about 6 months during pre-monsoon time in 2011. In particular, the water level in wells T3-1 and T3-2 remained below m.s.l. for about 90% of the investigation period.
Hydrochemical characteristics of groundwater
In the study area, groundwater chemical quality is monitored in two ways:
(a) periodic groundwater sampling from observation wells as well as from other private agricultural wells for hydrochemical and isotopic measurements; and (b) hourly recording of EC along with water level in the selected observation wells using CTD divers. Freshwater dynamics in coastal sand dune aquifer, India
Although periodic hydrochemical and isotopic measurements were made on several sets of samples (each set is about 30-40 samples), in this study, we mainly consider three sets of data: March 2010, representing pre-monsoon groundwater conditions after the monsoon failed (less rainfall) in drought year 2009; June 2010, representing the impact of a cyclonic storm (of 18-19 May 2010) on groundwater level and quality; and November 2010, representing the highly saturated (groundwater) conditions in the area. The hydrochemical values corresponding to these three hydrological scenarios have been used to characterize the aquifer chemically. Average values of major hydrochemical parameters and stable isotopes are presented in Table 2 .
In general, the groundwater quality in this region is quite good; total dissolved solids (TDS) are less than 500 mg/L and within the limits prescribed (500 mg/L) for drinking water (BIS 2003 , WHO 2008 . However, the wells within the village premises (private and drinking water supply wells) contained relatively higher TDS (up to 1500 mg/L). Most of the samples have higher nitrate concentrations (300-400 mg/L; about 6 to 8 times more than the limit (50 mg/L) prescribed for drinking water by WHO. Among the major ions in groundwater, sodium is the predominant cation followed by calcium. Magnesium and potassium are of almost same concentration. Similarly, among anions, chloride is predominant followed by bicarbonate and sulphate (Table 2) . However, the majority of samples have ionic concentrations within the drinking water or agricultural permissible limits (BIS 2003 , WHO 2008 . Though the Na concentration ranged from 17 to 1700 mg/L (which is 100 times the minimum value), about 50% of the samples measured less than 100 mg/L. Similarly, Cl concentration ranged between 10-3300 mg/L and more than 50% samples measured less than 100 mg/L. The higher values are, in general, along the northwest boundary and the Cl value 3300 mg/L is represented by a well at the southern most point of the dune field, at Tatepuram village (Fig. 1) . Among the sampled wells, the highest chemical concentrations: TDS, Na and Cl were shown at Tatepuram village. This well appears to be influenced by the aquaculture in the vicinity. A few other wells located along the western boundary have higher concentrations of Na and Cl.
Out of 40 samples collected during March 2010, bromide (2.5-6 mg/L) was found in only seven well waters, which are mainly located in the northwest and southeast boundaries of the dune field. However, during November 2010, the bromide concentration in all the samples was below the detection limit (<0.1 mg/L). Average nitrate concentration, which is quite high, i.e. 126 mg/L during March 2010, reduced slightly to 91 mg/L after the cyclone and, during November, once again increased to 113 mg/L.
Hourly monitoring of EC has made it possible to identify the effect of (a) groundwater pumping, (b) cyclonic storm, and (c) natural rainfall recharge on groundwater quality in space and time. The hydrological and chemical response of observation wells in the northwest and southeast boundaries was very different from that of wells in the central region during groundwater pumping. Wells T1-1 and T3-1 are located on the northwest boundary of the sand dune aquifer, while wells T1-5, T2-5 and T3-5 are on the southeast boundary. The T3-1 well showed maximum pumping effect on groundwater drawdown as well as on quality. A series of agricultural pumping wells is located about 20 m east of the T3-1 well. As soon as the pumps of the agricultural wells start, the water level in this observation well declines by about 40 cm, which emphatically demonstrates hydraulic connectivity between it and the pumping well(s). At the same time, the EC of well T3-1 water also is reduced from about Freshwater dynamics in coastal sand dune aquifer, India4800 µS/cm to 3400 µS/cm (Fig. 7) . Again, when the pumps stop, the groundwater level and the EC regain their normal levels. Similarly, well T1-1 located on the south side of the western boundary also shows reduction in EC from 200 to 150 µS/cm (i.e. about 50 µS/cm) and in water level (only 10-15 cm) during pumping. However, the trend is the same as that of T3-1. Similar behaviour is also seen along the eastern boundary. High agricultural activity exists around T2-5 well (which is located about 300 m from coast), but the effect of pumping on its EC and water level is of a lesser magnitude than for well T3-1. The observation wells (T1-2 and 3, and T3-2 and 4) are located within the ridge portion of the sand dunes and, in general, have low EC (about 500-600 µS/cm). With the exception of well T3-2, the other three wells did not show much change either in water level or in EC during the groundwater pumping from irrigation wells surrounding the observation wells. The T3-2 well located on the ridge portion of Traverse 3, where the water levels went down to about 5 m b.m.s.l. during 2009 (a low rainfall year), showed the effect of upconing during pumping by neighbouring wells, i.e. EC increased when the water levels went down. However, the increase in EC was only from 650 to 700 µS/cm, corresponding to a drop in groundwater level of about 10-30 cm.
Furthermore, the hourly recording of EC enabled the identification of another important hydrochemical phenomenon occurring in this area, namely increasing EC in almost all observation wells along with rising groundwater levels due to the initial rainfall recharge. The increase is two-to three-folds both in the pulse form (sudden increase and decrease) and in gradual form (Fig. 8) . The increase in EC can be attributed to the flushing of salts from the agricultural fields. The subsequent recharge episodes result in a reduction of increased EC.
Stable isotope contents in rainwater and groundwater
The environmental isotope values of δ 18 O and δ 2 H of natural waters are excellent tracers for determining various hydrological parameters, such as groundwater recharge source, recharge processes, mixing of various waters, interaction between various water bodies, origin of groundwater, natural water circulation and groundwater movement (IAEA 1981 , Subyani 2004 , Zhu et al. 2007 .
The rainwater samples collected during the two monsoons of 2010 were measured for δ 18 O and δ 2 H. The δ 18 O and δ 2 H of the SW monsoon rains varied from -9.7 to -0.3‰ and -66.7 to -4.5‰, respectively. In the case of the NE rains, the δ 18 O ranged from -12.6 to -2.5‰, and the δ 2 H from -85.5 to -8.4‰. Minimum, maximum and average δ 18 O and δ 2 H values of groundwater samples for three collections are shown in Table 2 . Pre-monsoon (March 2010) groundwater samples contained δ 18 O in the range -9 to -1‰, and δ 2 H of -65 to -10‰; June 2010 data (corresponding to cyclonic storm 
Resistivity sounding
In total, 10 vertical electrical soundings (VES) were made at three locations. However, one site with five soundings is mainly considered for this study. The five soundings, V1, V2, V3, V4 and V10, were carried out at the northwest boundary covering the observation well T3-1 and an abandoned private bore well (west of T3-1) within the clay zone containing saline water. The VES V10, V2 and V3 are located on the clay formation, which is on the west side of the T3-1 well, and V1 and V4 are located on the sand dune at the east side of the T3-1 well. Electrode spreading was made parallel to the sand and clay boundary.
The measured resistivity values vary between 2 and 30 ohm-m for the clay formation and between 184 and 1632 ohm-m within the sand dunes. The collected resistivity data were processed using IPI2Win software. A pseudo-section is prepared using the resistivity data of VES V10, V2, V3, V1 and V4, where the clay and sand dune formations are clearly seen as per the surface exposure.
DISCUSSION Water table response to input rainfall
Hydrogeologically, the sand dunes act as potential groundwater recharge media because of their high porosity (39-43%) and hydraulic conductivity (2-12 m/d, Todd 1980) . However, the intensity of rainfall, total rainfall of the event, evapotranspiration and the water table conditions affect the groundwater recharge. Due to the highly pervious environment, the cyclonic event (600 mm within 24 h), which occurred on 18-19 May 2010, could raise the groundwater level by about 1-5 m in different wells (Table 1) within 5 days. Such high recharge was possible due to highly pervious dry sand matrix and relatively deep water table (5-10 m b.g.l.) conditions which existed before the storm event. The deep water table developed due to the combined effects of (a) relatively low rainfall, associated with low intensity showers scattered over a long period (drought conditions) in the previous year resulting in low groundwater recharge (Figs 4-6) , and (b) the continued/ enhanced groundwater exploitation for irrigation resulting in dry subsurface conditions above the water table. In such circumstances, the recharge is called "induced recharge". Following the cyclonic storm, due to high rainfall conditions during two monsoons (total rainfall about 1200 mm), the water table rose to above m.s.l. in all the wells (Figs 4-6) . Thus, the studied sand dune aquifer shows a quick response not only to high intensity rainfall but also to Freshwater dynamics in coastal sand dune aquifer, Indiasuccessive showers. Alternatively, the scant and poor succession of showers results in evaporation rather than in aquifer recharge. From the foregoing groundwater scenario, it is evident that the sand dune aquifer responds quickly to both good input rainfall and heavy draft.
Hydrochemical changes due to rainfall recharge
The initial composition of percolating rainwater may be considered as highly diluted seawater with very low mineralization (Hounslow 1995) . During the recharge process, the chemical composition of the percolating rainwater is altered by rock weathering, evaporation (Gibbs 1970) and aeration. As the study area is occupied by pervious sandy (quartz) material, the water-rock interaction effect on water quality is minimal. But, thin clay layers/lenses may contribute to some ionic exchanges within the aquifer in the long run. Thus, in the study area, minimum alteration in water quality can be expected during the recharge process. Hence, the recharged water quality can be expected to be the same as that of rainfall (diluted seawater). However, anthropogenic pollution, including evaporites and fertilizers accumulated over the ground surface, mix with the percolating rainwater and change the chemical composition of the aquifer water.
Due to the 1-5 m groundwater level rise during the cyclonic event, no major changes in hydrochemistry were found in the majority of the wells, except for some at the northwest boundary. As the majority of wells in the study area have low chemical concentrations, the dilution due to fresh recharge was minimal. However, the decrease in average concentrations of different major ions ranged from 20 to 40%, mainly along the northwest boundary wells, where relatively high mineralized water exists.
As mentioned earlier, this region has very high agricultural activity and the water is being supplied to the crops through sprinkler systems by pumping the groundwater. Due to this sprinkler irrigation, the groundwater applied to the crops mostly evaporates, and the minerals in the applied water enrich at the ground surface. Also heavy usage of fertilizers and pesticides for crops causes certain chemicals/salts to accumulate in the top few centimetres of soil. Recharging rainwater carries these enriched minerals to the water table during the first few showers. Therefore, the EC of groundwater in almost all the observation wells increased (two to three times to its base level) temporarily along with rising water levels during cyclonic storm recharge episodes (Reddy et al. 2011) .
Based on the hydrochemical parameters, groundwater quality was assessed using AQUACHEM software, as shown in Fig. 9 . For March 2010, 30% of groundwater samples (mainly from the ridge portion) are of Ca-Na-HCO 3 type, and 30% are Na-Ca-HCO 3 . A few samples were also found under Na-Ca-Cl/NaCl type of water. For June 2010 (after the cyclone) and November 2010, more than 50% of groundwater samples are Ca-Na-HCO 3 and no samples were of Na-Cl type. The observed change in water quality can be attributed to fast recharge conditions during the cyclonic storm and the two monsoons.
Isotopic evidence of high rainfall recharge
The stable isotope ratios (δ Freshwater dynamics in coastal sand dune aquifer, Indiaraindrops (Stewart 1975) , and the low slope value would be related to >75%, but <95% relative humidity conditions.
The stable isotope data of three groundwater samplings (March, June and November 2010) are plotted in Fig. 10(b), (c) and (d) , respectively, along with the LMWL. An interesting observation is that the δ 18 O and δ 2 H of the groundwater for three periods of extreme rainfall show homogenization between -4 and -7‰ of δ 18 O; and between -28 and -50 ‰ of δ 2 H, even though the monsoon rainfall has contained -0.5 to -12.5‰ of δ 18 O, and about -9 to -85.5‰ of δ 2 H respectively (Fig. 10(b) , (c) and (d)). The observed homogenization of isotope values could have resulted from mixing of various rainfall components during different seasons. The mixing can be seen more clearly from the graph of chloride vs δ 18 O for three periods (Fig. 11) Fig. 10(b) , (c) and (d)) shows that the groundwater had undergone slight evaporation, thus enriching its heavy isotope content. However, the more depleted delta values (-10‰ δ 18 O and -65‰ δ 2 H) of groundwater, clearly discernible at some locations from the June 2010 sampling ( Fig. 10(c) ), once again demonstrate that the sand dune field in the study area acts as a good sink for rainfall. Some rainfall events do contain more depleted delta values (<-10‰ δ 18 O and <−65‰ δ 2 H), which might undergo little evaporative isotopic enrichment during the recharge process. However, the d-excess values (5.4, 4.79 and 2.48‰) of the three samplings are less than the LMWL (about 8‰), which can be attributable to the processes of evaporative isotopic enrichment of the groundwaters/ recharge component. Even so, the phenomenon of heavy isotopic enrichment is demonstrated above in comparison with the weighted average delta values of rainfall, from the trend lines deviating from the LMWL of respective diagrams (Fig. 10(b) , (c) and (d)). Thus, the stable isotope data of the monsoon rainfall and the groundwaters of the sand dune aquifer demonstrate the high and fast intake capacity of the aquifer.
Freshwater and saline water conditions in the study area Saltwater intrusion is a major concern in coastal aquifers. Saltwater intrusion is the induced flow of seawater into a freshwater aquifer, where the freshwater aquifer is hydraulically connected to the saltwater zone, and high groundwater exploitation also exists (Barlow 2003) . The Ghyben-Herzberg principle postulates that in an homogeneous and isotropic aquifer, the depth of the interface between the freshwater and saltwater is directly proportional to the elevation of the water table above mean sea level based on the difference in density.
In the present study, it is observed that during normal rainfall conditions, the post-monsoon groundwater levels vary between 1 and 4 m a.m.s.l., and during the pre-monsoon, the water table fell to mean sea level. However, during 2009/10 the groundwater levels were always below m.s.l. and peaked during May 2010 (before the cyclonic storm, Figs 4-6). Due to higher groundwater exploitation from the western side of the study area, the groundwater level in the central and northwest areas is lower than in the northeast, resulting in a reversal (northeast to southweset) of the regional groundwater flow pattern. Further, although groundwater levels reached 4-5 m b.m.s.l., groundwater salinity was not increased. Contrary to our study, Antonellini et al. 2008 found in a study of a coastal dune aquifer on the southern Adriatic coast of Italy, very high changes in salinity, in agreement with the Ghyben-Herzberg principle, when the groundwater level marginally changed from above m.s.l. to below m.s.l. In the present case, the freshwater dynamics appear to be controlled by the hydrogeological conditions, such as clay barriers in the northwest and southeast, and fast recharge. Freshwater dynamics in coastal sand dune aquifer, Indiapossible with the existence of impermeable hydrogeological boundary conditions inhibiting substantial saline water ingression. The resistivity survey at the northwest boundary of the sand dune area partially confirmed the variation in geology laterally from sand to clay up to 15-20 m (Fig. 13(c) ).
Boundary conditions in the west and east: control on the saline water ingression As mentioned in the Results Section, it is observed that during groundwater pumping, the groundwater levels in some of the observation wells located along the northwest and southeast boundaries dropped down to mean sea level, and simultaneously the groundwater EC decreased (Figs 7, and 13(a) and (b)). The decrease in salinity along with the drawdown in the well water can be related to the hydrogeological boundary controls, i.e. the area west of observation well T3-1 (the well is located on the northwest boundary of the sand dune, where the aquifer is covered with clayey-silt formation containing saline water, and is relatively low lying in comparison to the dune field). A series of pumping wells being used for agriculture in the western saline area is located in a line about 20 m east of the T3-1 well. Groundwater is being pumped for almost 8 h a day (maximum limit of power supply for agriculture) with weekly time slots. The clayey silt formation has very little hydraulic conductivity (0.0002-0.08 m/d, Todd 1980), whereas the sand dune zone, housing the pumping wells as well as the observation well, has high hydraulic conductivity (2-12 m/d, Todd 1980 ). Due to this hydrogeological boundary condition, when the pumps start pumping the groundwater from the sandy aquifer, the lateral movement of freshwater takes place only from the eastern side (governed by the difference in permeability between sand and clay formations). Consequently, the T3-1 observation well records a fresh groundwater signature in the form of low EC (Fig. 7) . When the pumps stop pumping the groundwater, although initial recovery takes place predominantly from the east, later the regional groundwater flow pattern comes into effect. Here, the regional flow direction is from west to east. In the border zone, where the T3-1 observation well is located, a small component of saline water movement can be expected across the clayey silt and sandy zone interface. The quantum of the saline component is governed by the low permeability of the clayey silt formation. Due to mixing of a certain amount of saline component, the T3-1 observation well regains its normal EC value.
Similarly, the T1-1 well, also located in the northwest boundary, records a similar change in EC as that of T3-1 well. However, its intensity is quite small. There are two reasons for its low intensity changes. Groundwater pumping around the T1-1 area is less than the T3-1 area and the clay boundary is further away from the observation well (T1-1). A similar observation is also made along the coast in wells T3-5 ( Fig. 13(b) ) and T1-5. The area where T3-5 is located has high agricultural activity, whereas there is no agriculture around the well T1-5. The well T3-5 shows pumping influence (15-20 cm drop) on groundwater level accompanied by a sharp drop in groundwater conductivity (about 400 µS/cm from the total of about 1800 µS/cm) during the drought period. However, due to cyclone effect and a heavy monsoon during 2010, total conductivity reduced to about 500 µS/cm. The well T1-5 has a very minute pumping effect on groundwater levels and EC, which is a reflection of the lack of agricultural activity around it. Hence, it may be possible that, although the groundwater levels are below m.s.l. for a longer time (more than one year as per the available data), with reversal of hydraulic gradient, no seawater ingression took place in this area, due to fast recharge conditions and the impermeable boundaries on both sides of the aquifer (northwest and southeast). As there are no direct data available, either from the literature or from our work, to draw a realistic cross-section across the sand dune area, based on the field observations, information from farmers, the resistivity survey and our observations, a schematic cross-section ( Fig. 13(d) ) is drawn indicating the conditions obstructing the seawater intrusion.
CONCLUSION
The sand dune freshwater aquifer on the Ongole coast, bounded by sediments with saline water in the west and the Bay of Bengal in the east, is a unique example of a geomorphic segment. Being the sole freshwater aquifer in the region and with no surface water source available, it is being heavily exploited for irrigating three crops a year and providing a perennial supply of freshwater for the domestic needs of several villages. The exploitation of groundwater reaches such an extent that water levels remain below mean sea level for a long time in a year. The sand dune aquifer is endowed with high recharge capacity, because of which its water levels rose by 1-5 m due to one cyclonic event. There was no major change in hydrochemical and stable isotopic values when the groundwater level was either below mean sea level or above, except in a few wells at the northwest boundary. The existing hydrogeological framework appears to be responsible for the continued sustenance of freshwater supply and restricting the saline water ingression into the freshwater zone of the aquifer. Employing the field conditions, and hydrogeological and hydrochemical response to groundwater pumping in the observation wells located at the northwest boundary, the existence of a hydrogeological barrier at the northwest margin has been hypothesized. This boundary was partially established based on resistivity sounding data. This aspect needs further investigation through detailed geophysical surveys to gain insights into the subsurface structure of this unique geomorphic unit. The study findings are useful in assessing the temporal behaviour of freshwater aquifers having a similar groundwater exploitation scenario or diverse hydrogeological controls.
